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1. Introduction {#open201900203-sec-0001}
===============

Polylactide (PLA) is of technological interest since it represents environmentally friendly bio‐polymer resources, which are promising alternatives to non‐renewable petroleum‐based polymeric materials.[1](#open201900203-bib-0001){ref-type="ref"} Due to its remarkable biodegradable, biocompatible, nontoxic, and permeable properties, PLA is used in protein encapsulation, microsphere advancement, drug delivery, and other biomedical applications.[2](#open201900203-bib-0002){ref-type="ref"} Several methods have been reported for the synthesis of PLA, however, the most effective method is the ring opening polymerization (ROP) of cyclic esters catalysed by metal catalysts[3](#open201900203-bib-0003){ref-type="ref"} as well as organic catalysts.[4](#open201900203-bib-0004){ref-type="ref"} For biomedical applications, nontoxic metal catalysts are required for the polymerization of cyclic esters, since complete removal of catalyst residues from the polymer is often impossible. Zinc is a very promising metal candidate for such applications, mainly due to its high activity, minimal toxicity, and low price.[5](#open201900203-bib-0005){ref-type="ref"} In the last decade, a number of effective zinc‐based catalysts containing a variety of ligands with different steric and electronic properties have been established in the ROP of cyclic esters.[6](#open201900203-bib-0006){ref-type="ref"} The ancillary ligands play a key role in the catalytic activity, and fine‐tuning of steric and electronic effects of the ligand was used to manipulate and to control the polymerization process.

Tridentate *NNO*‐chelating *β*‐ketoiminate ligands containing a modest *π*‐electron rich framework are known to effectively stabilize the metal centre. By varying the amino moieties of the tridentate *β*‐ketoiminate ligand, its steric and electronic properties can be tuned, hence allowing to control the coordination behaviour towards the metal centre[7](#open201900203-bib-0007){ref-type="ref"} and therefore also to control the polymerization process.[7c](#open201900203-bib-0007c){ref-type="ref"}, [8](#open201900203-bib-0008){ref-type="ref"} In 2009, Lin *et. al* reported on Zn and Mg alkoxide complexes containing a tridentate *NNO*‐chelating *β*‐ketoiminate ligand, which showed remarkable catalytic activities and stereoselectivities in the ROP of lactide (LA).[9c](#open201900203-bib-0009c){ref-type="ref"} The reactivity and stereoselectivity was found to be drastically influenced by the substituents of the *β*‐ketoiminate ligand as well as by the (initiating) substituent bound to the metal centre. Later on, the same group showed that the catalytic activity of the complexes increased upon introduction of electron‐donating substituents at the phenyl rings, whereas the catalytic activity was found to decrease with introducing electron‐withdrawing substituents at the *β*‐ketoiminate ligands.[9a](#open201900203-bib-0009a){ref-type="ref"}, [9b](#open201900203-bib-0009b){ref-type="ref"} Recently Huang and Yang *et al*. reported on magnesium and zinc complexes containing tridentate *NNO*‐chelating pyrazoline‐*β*‐ketoiminate ligands with different electron‐donating substituents. These complexes showed high activities towards ROP of LA and produced controlled molecular weight polymers with narrow molecular weight distribution (MWD).[10](#open201900203-bib-0010){ref-type="ref"} They also found that the metal substituents as well as the electron‐donating substituents of the pyrrolidine‐*β*‐ketoiminate ligands play an important role in the activity and stereoselectivity of the polymerization process. Recently, we reported the ROP of LA by using homoleptic (L~2~Zn) and heteroleptic (LZnOAr) *β*‐ketoiminate zinc complexes and demonstrated that the heteroleptic complexes LZnOAr containing a supplementary phenoxide or Lewis base coordinated to the Zn atom are highly active catalysts.[11](#open201900203-bib-0011){ref-type="ref"} In addition, a large number of *β*‐ketoiminate metal complexes were reported, which showed excellent reactivity to the ROP of cyclic esters under milder reaction condition in a controlled mechanism.[12](#open201900203-bib-0012){ref-type="ref"}

Since *β*‐ketoiminate zinc phenoxide complexes were found to exhibit remarkable activities for the polymerization of lactide, we became interested to evaluate the distinctive role of the phenoxide ligand in more detail. We herein report on the synthesis and characterization of eight heteroleptic zinc complexes of the general type L^1/2^ZnOAr, in which four different phenoxide substituents (OAr) with varying electronic and steric properties and two tridentate *NNO*‐chelating *β*‐ketoiminate ligands with different sidearm donor moieties were used. The structure of the complexes was determined in solution (NMR) and in the solid state (XRD) and their catalytic activity towards the ROP of lactide was investigated in detail.

2. Results and Discussion {#open201900203-sec-0002}
=========================

2.1. Synthesis and Characterization {#open201900203-sec-0003}
-----------------------------------

Two *β*‐ketoimine ligands L^1^H and L^2^H (L^1^=Me~2~NC~2~H~4~NC(Me)CHC(Me)O, L^2^=Me~2~NC~3~H~6~NC(Me)CHC(Me)O) with different hemilabile sidearm donor groups were prepared according to literature procedures.[13](#open201900203-bib-0013){ref-type="ref"} The heteroleptic complexes L^1^ZnEt and L^2^ZnEt were first synthesized by alkane elimination reaction of L^1/2^H with one equivalent of diethylzinc (1 M in *n*‐hexane) at −30 °C in *n*‐hexane[14](#open201900203-bib-0014){ref-type="ref"} and then reacted with one equivalent of the corresponding phenol ArOH (Ar=Ph, 2,6‐Me~2~‐C~6~H~3~, 3,5‐Me~2~‐C~6~H~3~, 4‐*n*‐Bu‐C~6~H~4~) in hexane at 25 °C, yielding the expected heteroleptic phenoxide complexes L^1^ZnOAr **1**--**4** and L^2^ZnOAr **5**--**8** in high yields (Scheme [1](#open201900203-fig-5001){ref-type="fig"}). The reactions occurred with elimination of ethane and the reaction products were purified by re‐crystallization from saturated solutions in THF at 0 °C. Complexes **1**--**8** were characterized by heteronuclear NMR (^1^H, ^13^C) and IR spectroscopy and their purity was proven by elemental analysis (C, H, N).

![Synthesis of *β*‐ketoiminate zinc phenoxide complexes **1**--**8**.](OPEN-8-951-g006){#open201900203-fig-5001}

The ^1^H NMR spectra of **1**--**8** show the expected resonances of the corresponding *β*‐ketoiminate ligand (L^1^, L^2^) as well as the phenoxide substituent in the expected equimolar ratios. The proton resonances of **1**--**8** are slightly shifted to lower field in comparison to the starting ligands. The proton signal of the C~*γ*~H group is shifted from 4.69 ppm (ligand) to 4.72--5.04 ppm for complexes **1**--**4**, and from 4.7 ppm (ligand) to 4.73−4.8 for complexes **5**--**8**. In addition, the resonances of the C*H* ~2~N(CH~3~)~2~ protons of **5**--**8** in CDCl~3~ solution at 25 °C appear as broad signals rather than as triplets, pointing to a hindered rotation (Figures S9, S12, S15 and S18). In contrast, the ^1^H NMR spectra of **5**--**8** in toluene‐d~8~ at 40 °C show the expected triplets (Figures S10, S13, S16 and S19). The ^13^C NMR spectra of **1**--**8** also show the expected resonances of the *β*‐ketoiminate ligand and the phenoxide groups. The *ipso*‐phenyl carbon atoms of the phenoxide groups of **1**--**8** are significantly shifted to higher field compared to the corresponding phenol. Binding the phenoxide substituent to the Lewis acidic zinc centre results in a partial positive charge at the oxygen atom and, resulting from the stronger polarization of the O−C(*Ar*) bond, a partial positive charge at the *ipso*‐phenyl carbon atom. FT‐IR studies show the characteristic peaks of the corresponding functional groups in each complex.

To clarify whether the complexes are monomeric or dimeric in solution, diffusion‐ordered spectroscopy (DOSY) NMR experiments in CDCl~3~ were performed for complexes **1**, **3**--**6** and **8**, respectively, to calculate their hydrodynamic radii (*R* ~H~).[15](#open201900203-bib-0015){ref-type="ref"} The calculated *R* ~H~ values of 3.33 (**1**), 3.95 (**3**), 4.21 (**4**), 3.22 (**5**, **6**), and 3.57 Å (**8**) are very adjacent to half of the hydrodynamic radii of 6.51 (**1**), 7.97 (**3**), 6.34 (**4**), 6.75 (**6**) and 6.36 Å (**8**), respectively, which were calculated from the solid state structure (see Supporting Information). According to these studies, complexes **1**--**8** adopt mononuclear structures in CDCl~3~ solution at ambient temperature.

2.2. Single Crystal X‐Ray Diffraction Studies {#open201900203-sec-0004}
---------------------------------------------

Single crystals of **1**--**7** were obtained from saturated solutions in THF upon storage at 0 °C for 24 hours, whereas crystals of **8** were grown from a saturated solution in toluene at 0 °C within 2 days. The molecular structures of **1**, **2** (as representative example for the dimer structures observed for **2**--**4** and **6**--**8**), and **5** are depicted in Figures [1](#open201900203-fig-0001){ref-type="fig"}--[3](#open201900203-fig-0003){ref-type="fig"}, whereas the structures of **3**, **4**, and **6**--**8** are given in the electronic supplement (Figures S44‐S48). **1**, **3**, **4** and **7** crystallize in the monoclinic space group *P*2~1~ */c*, **5** and **8** in the monoclinic space group *P*2~1~, **2** in the triclinic space group P$\bar{1}$ , and **6** in the tetragonal space group *I*4~1~ */a*, respectively.[16](#open201900203-bib-0016){ref-type="ref"}

![ORTEP representation of solid‐state structure of compound **1**. H atoms have been omitted for clarity and thermal ellipsoids are shown with 50 % probability level. Selected bond lengths \[Å\] and angles \[°\]: Zn(1)‐O(2) 1.9219(14), Zn(1)‐O(22) 1.9974(14), Zn(1)‐N(1) 2.0235(17), Zn(1)‐O(1) 2.1328(14), Zn(1)‐N(2) 2.2949(18), Zn(2)‐O(21) 1.9683(15), Zn(2)‐O(22) 2.0180(13), Zn(2)‐N(21) 2.0468(18), Zn(2)‐O(1) 2.1181(14), Zn(2)‐N(22), 2.1553(18), O(21)‐Zn(2)‐O(1) 98.71(6), O(22)‐Zn(2)‐O(1) 77.74(5), N(21)‐Zn(2)‐O(1) 171.16(6), O(21)‐Zn(2)‐N(22) 128.03(7), O(22)‐Zn(2)‐N(22) 114.44(6), N(21)‐Zn(2)‐N(22) 79.46(7), O(1)‐Zn(2)‐N(22) 94.47(7).](OPEN-8-951-g001){#open201900203-fig-0001}

![ORTEP representation of solid‐state structure of compound **2**. H atoms have been omitted for clarity and thermal ellipsoids are shown with 50 % probability level. i 2‐*x*, 2‐*y*, 1‐*z*. Selected bond lengths \[Å\] and angles \[°\]: Zn(1)‐O(2) 2.0081(7), Zn(1)‐O(1) 2.0158(8), Zn(1)‐O(2)^i^ 2.0358(7), Zn(1)‐N(1) 2.0389(10), Zn(1)‐O(1′) 2.115(8), Zn(1)‐N(1′) 2.177(9), Zn(1)‐N(2) 2.2126(8), Zn(1)‐Zn(1)^i^ 3.0804(4), O(2)‐Zn(1)‐O(1) 104.08(4), O(2)‐Zn(1)‐O(2)^i^ 80.76(3), O(1)‐Zn(1)‐O(2)^i^ 90.26(3), O(2)‐Zn(1)‐N(1) 117.44(3), O(1)‐Zn(1)‐N(1) 88.91(4), O(2)^i^‐Zn(1)‐N(1) 161.38(3), O(2)‐Zn(1)‐O(1′) 92.2(2), O(2)^i^‐Zn(1)‐O(1′) 103.6(3), O(2)‐Zn(1)‐N(1′) 165.2(2), O(2)^i^‐Zn(1)‐N(1′) 113.9(2), O(1′)‐Zn(1)‐N(1′) 82.9(3), O(2)‐Zn(1)‐N(2) 100.31(3), O(1)‐Zn(1)‐N(2) 155.59(4), O(2)^i^‐Zn(1)‐N(2) 92.60(3), N(1)‐Zn(1)‐N(2) 80.76(3), O(1′)‐Zn(1)‐N(2) 160.9(2), N(1′)‐Zn(1)‐N(2) 81.3(2).](OPEN-8-951-g002){#open201900203-fig-0002}

![ORTEP representation of solid‐state structure of compound **5**. H atoms have been omitted for clarity and thermal ellipsoids are shown with 50 % probability level. Selected bond lengths \[Å\] and angles \[°\]: Zn(1)‐O(2) 1.8917(13), Zn(1)‐O(1) 1.9443(13), Zn(1)‐N(1) 1.9830(14), Zn(1)‐N(2) 2.0899, O(2)‐Zn(1)‐O(1) 117.58(6), O(2)‐Zn(1)‐N(1) 128.80(6), O(1)‐Zn(1)‐N(1) 97.17(5), O(2)‐Zn(1)‐N(2) 100.03(5), O(1)‐Zn(1)‐N(2) 114.21(5), N(1)‐Zn(1)‐N(2) 97.99(6).](OPEN-8-951-g003){#open201900203-fig-0003}

Complexes **2**--**4**, **6**, and **7** adopt phenoxide‐bridged binuclear structures in the solid state with a central Zn~2~O~2~ four‐membered ring. The molecules are centrosymmetric, hence the central Zn~2~O~2~ rings are perfectly flat and located on corresponding special positions. The oxygen atoms of the phenoxide ligands bridge the Zn atoms, which are further threefold‐coordinated by the *NNO*‐ligand, resulting in a coordination number of five for each Zn atom. To access the coordination sphere, *τ* was calculated by literature method.[17](#open201900203-bib-0017){ref-type="ref"} The *τ* values show a preference for a trigonal‐bipyramidal arrangement of the Zn atom in complexes **6** (*τ*=0.88), **7** (*τ*=0.84) and **8** (*τ*=0.83), which contain the C~3~H~6~ sidearm donor. In contrast, a square pyramidal arrangement of the Zn centre is observed for complexes **2** (*τ*=0.09), **3** (*τ*=0.03) and **4** (*τ*=0.1), respectively, containing the C~2~H~4~ sidearm donor functionalized *β*‐ketoiminate substituent.

The Zn−O bond lengths within the four‐membered Zn~2~O~2~ ring differ by about 0.03 Å except for **6** (Table [1](#open201900203-tbl-0001){ref-type="table"}). Complex **8** shows the same molecular connectivity, but the molecule is not centrosymmetric. The *τ* value for the Zn centre agrees well with the observations for the centrosymmetric molecules. As was observed for **6** and **7**, the difference between the Zn−O bond lengths within the Zn~2~O~2~ ring is more pronounced, and the Zn−O bond to the oxygen atom of the ligand is shorter. The solid‐state structures of **1** (Figure [1](#open201900203-fig-0001){ref-type="fig"}) and **5** (Figure [3](#open201900203-fig-0003){ref-type="fig"}), which carry two methyl groups in *ortho*‐position of the phenolate substituent, differ from the other complexes, for which the structure of **2** is exemplarily shown (Figure [2](#open201900203-fig-0002){ref-type="fig"}). This is most obvious for complex **5**, which adopts a mononuclear structure in the solid state. The Zn atom in **5** is coordinated by two oxygen and two nitrogen atoms of the phenoxide and the *NNO*‐ligand, resulting in a distorted tetrahedral coordination geometry (bond angles range from 97.17(5)° to 128.80(6)°). In contrast, the binuclear complex **1** also forms a central four‐membered Zn~2~O~2~ ring, but only one of the bridging O atoms originates from a phenoxide group, whereas the second one belongs to the *NNO*‐ligand. The second phenoxide group is end‐on coordinated to the Zn atom. Despite the C~2~H~4~ sidearm donor chain, the *τ* value suggests a tendency toward a trigonal‐bipyramidal coordination. However, the coordination sphere of the Zn atom with the end‐of coordinated phenoxide ligand is strongly distorted (*τ*=∼0.5).

###### 

Selected Zn‐O~Ph~ bond lengths \[Å\] and Zn‐O~Ph~‐Zn and O~Ph~‐Zn‐O~Ph~ bond angles \[°\] of **1**--**8**.

                   **1**               **2**       **3**       **4**
  ---------------- ------------------- ----------- ----------- ------------
  Zn−O~Ph~         1.9219(14)^\[a\]^   2.0081(7)   2.0044(9)   2.0077(8)
                   1.9974(14)^\[b\]^   2.0358(7)   2.0370(9)   2.0395(8)
                   2.0180(13)^\[b\]^                            
  Zn−O~Lig~        1.9683(15)^\[a\]^   2.0158(8)   2.0499(9)   2.0339(8)
                   2.1328(14)^\[b\]^                            
                   2.1181(14)^\[b\]^                            
  O~Ph~−Zn−O~Ph~   --                  80.76(3)    80.03(4)    80.48(3)
  Zn−O~Ph~−Zn      104.71(6)           99.24(3)    99.97(4)    99.52(3)
                                                                
                   **5**               **6**       **7**       **8**
  Zn−O~Ph~         1.8917(13)          2.0034(7)   2.0022(5)   2.0268(13)
                                       2.1420(6)   2.1598(5)   2.1012(13)
                                                               1.9999(13)
                                                               2.1385(13)
  Zn−O~Lig~        1.9443(13)          1.9589(8)   1.9681(6)   1.9789(12)
                                                               1.9645(12)
  O~Ph~−Zn−O~Ph~   --                  79.53(3)    77.80(2)    78.05(5)
                                                               77.76(4)
  Zn−O~Ph~--Zn     --                  100.47(3)   102.20(2)   98.43(6)

\[a\] End‐on coordinated O atoms. \[b\] Bridging O atoms. Symmetry‐equivalent bond lengths of the centrosymmetric compounds are omitted.
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Very likely, the different structures of **1** and **5** are caused by steric hindrance due to the *ortho*‐methyl groups of the phenoxide. In **1** both oxygen atoms in the ring symmetrically bridge the Zn atoms. The Zn−O bonds to the OAr group are roughly 0.1 Å shorter compared to the Zn−O bond of the *NNO*‐ligand. In **5**, the Zn−O bonds are shorter compared to the binuclear complexes, resulting from the lower coordination number of the Zn atom (4 vs. 5). The Zn−O bond length of the phenoxide ligand (Zn1−O2) is approximately equal to the longer bond length within the Zn~2~O~2~ ring except for **2**, which shows a slightly shorter Zn−O bond lengths. The Zn−O bond lengths within the Zn~2~O~2~ rings in **6** and **7** differ by about 0.15 Å and the Zn−O bond to the oxygen atom of the *NNO*‐ligand is significantly shorter.

2.3. Polymerization Studies {#open201900203-sec-0005}
---------------------------

We systematically investigated the catalytic activity of the heteroleptic zinc complexes **1**--**8** in the ROP of lactide in dichloromethane at ambient temperature (25 °C) under argon atmosphere. We first explored the polymerization activity towards *L*--Lactide (*L*--LA) using a 200 : 1 \[M\]~0~/\[C\]~0~ molar ratio. The polymerization results are summarized in Table [2](#open201900203-tbl-0002){ref-type="table"}, proving that **1**--**8** exhibit excellent activities for the ROP of *L*--LA. Complete conversion was achieved within a very short period of time and the isolated yields of the PLA were typically higher than 95 %. The polymerization process proceeds with moderate molecular weight control and the molecular weight distributions were found to range from 1.2 to 1.5. The catalytic activity of **1**--**8** was compared with respect to the TOF values (Table [2](#open201900203-tbl-0002){ref-type="table"}), which were calculated based on one zinc atom, which is reliable due to the mononuclear nature of the catalyst in solution.

###### 

Polymerization data of *L*--LA using catalyst **1**--**8** with \[M\]~o~/\[C\]~o~ ratio=200 : 1 in CH~2~Cl~2~ at 25 °C under argon atmosphere.

  Catalyst   Time^\[a\]^ \[s\]   Yield^\[b\]^ \[%\]   *M* ~n~ ^(^°^bs)\[c\]^ \[kg/mol\]   *M* ~n~ ^(the^°^)\[d\]^ \[kg/mol\]   *M* ~n~/*M* ~n~   TOF^\[e\]^ \[h^−1^\]
  ---------- ------------------- -------------------- ----------------------------------- ------------------------------------ ----------------- ----------------------
  **1**      110                 98                   27.3                                28.8                                 1.4               3200
  **2**      140                 99                   47.3                                28.8                                 1.2               2550
  **3**      540                 98                   45.4                                28.8                                 1.3               650
  **4**      1300                99                   56.3                                28.8                                 1.3               270
  **5**      70                  99                   36.1                                28.8                                 1.2               10200
  **6**      85                  99                   49.1                                28.8                                 1.5               4200
  **7**      260                 97                   45.2                                28.8                                 1.3               1350
  **8**      320                 96                   52.6                                28.8                                 1.5               1080

\[a\] Time required for complete conversion. \[b\] Isolated yield of the polymer after quenching. \[c\] Measured by GPC at 40 °C in THF, relative to polystyrene standards. \[d\] *M* ~n~ ^(The^°^)^at 100 % conversion=\[M\]~0~/\[C\]~0~×mol. Wt. of monomer. \[e\] The rate is expressed in terms of the turnover frequency (TOF), mol of LA consumed/(mol catalyst per h)) calculated with respect to number of Zn atom in the catalyst (monomeric structure in solution). The given values represent average values obtained from two different runs.
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The analysis of the resulting TOF values revealed that the L^1^‐substituted complexes (**1**--**4**) containing the C~2~‐spacer are less active than the L^2^‐substituted ones (**5**--**8**). The L^2^‐substituted complexes, which contain the propyl (C~3~) spacer, form six‐membered ZnC~4~N rings upon coordination of the amine sidearm donor (NMe~2~ group) to the electrophilic Zn atom, whereas the L^1^‐substituted complexes form five‐membered ZnC~3~N rings. The higher catalytic activity of **5**--**8** most likely originates from the formation of highly puckered six‐membered ZnC~4~N rings, resulting in a less effective shielding of the Zn atom in **5**--**8** and hence favouring the coordination of the nucleophilic substrate (lactide) to the electrophilic Zn centre. Comparable findings have been previously reported.[5d](#open201900203-bib-0005d){ref-type="ref"}

The TOF values as summarized in Table [2](#open201900203-tbl-0002){ref-type="table"} demonstrate the strong influence of the substitution pattern of the phenoxide substituents on the catalytic activity of the L^1^‐substituted (**1**\>**2**\>**3**\>**4**) and L^2^‐substituted complexes (**5**\>**6**\>**7**\>**8**). The catalytic activity in both groups follows the same trend and was found to increase upon introduction of an electron donating group R at the phenyl ring as was previously reported.[9a](#open201900203-bib-0009a){ref-type="ref"}, [9b](#open201900203-bib-0009b){ref-type="ref"}, [10](#open201900203-bib-0010){ref-type="ref"} Moreover, complexes **1** and **5** containing two methyl substituents in *ortho*‐position of the phenoxide ligand are more active than complexes **2** and **6**, which contain two methyl groups in *meta*‐position. The *ortho*‐substitution provides higher electron density at the oxygen atom due to the +I effect of the Me groups, resulting in a higher nucleophilicity of the phenoxide ligand. Moreover, the higher steric demand of the *ortho*‐substituted phenoxide may favour the ligand dissociation. Both effects result in higher activities of complexes **1** and **5** compared to **2** and **6** (Table [2](#open201900203-tbl-0002){ref-type="table"}).

To study the electronic structures of **1** to **8** in detail, gas phase structures and natural bond orbital (NBO) analyses were calculated using density functional theory (DFT) with the Gaussian program package[18](#open201900203-bib-0018){ref-type="ref"} at the B3LYP LANL2DZ level of theory.[19](#open201900203-bib-0019){ref-type="ref"} While the charge of the phenoxide oxygen atom in both type of complexes (**1** 0.98, **2** 0.96, **3** 0.96, **4** 0.95; **5** 0.97, **6** 0.95, **7** 0.95, **8** 0.95) is almost identical (Table S4), compounds **1** and **5** show the highest values. These findings are in accordance with the largest electron‐donating property of the 2,6‐Me~2~‐C~6~H~3~ substituent, resulting in the highest nucleophilicity for the 2,6‐Me~2~‐C~6~H~3~‐substituted complexes **1** and **5**, respectively, and also perfectly agree with the observed activity trend in catalysis.

The activity of complex **5** in ROP of lactide is remarkable and a very high TOF value (\>10.000 h^−1^) was observed. Furthermore, the *M* ~n~°^bs^ values observed for complexes **1** and **5** agree with the calculated values (*M* ~n~ ^the^° values), whereas those of the other complexes showed significantly higher *M* ~n~°^bs^ values. Since we observed distinct initiation phases in the polymerization studies using complexes **2**--**4** and **6**--**8**, the high *M* ~n~°^bs^ values most likely result from rather slow rates of initiation (*k* ~i~) compared to the propagating rate of polymerization (*k* ~p~), resulting in polymers with higher than expected molecular weights as was previously reported in ROP polymerization processes.[5d](#open201900203-bib-0005d){ref-type="ref"}

The polymerization reactions using complexes **1**--**8** were also performed with racemic‐lactide (*rac*‐LA) in a molar ratio \[M\]~o~/\[C\]~o~=200 in CH~2~Cl~2~ at ambient temperature under argon atmosphere (Table [3](#open201900203-tbl-0003){ref-type="table"}). As was expected, the catalytic activity of complexes **1**--**8** follow the same trend as was observed with *L*--LA. To gain more information of the polymer microstructure, homonuclear decoupled ^1^H NMR spectra of the PLA obtained with catalysts **1**--**8** were recorded. The methine proton signal of the homonuclear‐decoupled ^1^H NMR spectra of the polymer were assigned according to Hillmyer and co‐workers,[20](#open201900203-bib-0020){ref-type="ref"} demonstrating isotactic enhancement in the polymer microstructure. This finding is supported by the fact that the *iii* tetrads, which is typically used as an indication for the formation of isotactically enriched PLA, exhibits a major peak in the spectra (Figures S35 and S36).[21](#open201900203-bib-0021){ref-type="ref"} The *P* ~i~ values were found to range from 0.6 to 0.7, proving that these catalysts showed a moderate polymerization selectivity.

###### 

Polymerization data of *rac*‐LA using complexes **1**--**8** with \[M\]~o~/\[C\]~o~ ratio=200 : 1 in CH~2~Cl~2~ at 25 °C under argon atmosphere.

  Catalyst   Time^\[a\]^ \[s\]   Yield^\[b\]^ \[%\]   *M* ~n~ ^(^°^bs)\[c\]^ \[kg/mol\]   *M* ~n~ ^(the^°^)\[d\]^ \[kg/mol\]   *M* ~w~/*M* ~n~   *P~i~* ^\[e\]^
  ---------- ------------------- -------------------- ----------------------------------- ------------------------------------ ----------------- ----------------
  1          110                 93                   32.0                                28.8                                 1.4               0.70
  2          140                 90                   36.1                                28.8                                 1.2               0.66
  3          540                 95                   42.8                                28.8                                 1.4               0.63
  4          1300                97                   56.5                                28.8                                 1.3               0.62
  5          70                  95                   28.9                                28.8                                 1.3               0.68
  6          85                  95                   38.2                                28.8                                 1.5               0.64
  7          260                 97                   48.3                                28.8                                 1.4               0.62
  8          320                 95                   51.8                                28.8                                 1.4               0.60

\[a\] Time required for complete conversion. \[b\] Isolated yield of the polymer after quenching. \[c\] Measured by GPC at 40 °C in THF, relative to polystyrene standards. \[d\] *M* ~n~ ^(The^°^)^at 100 % conversion=\[M\]~0~/\[C\]~0~ x mol. Wt. of monomer. \[e\] Calculated from homonuclear decoupled ^1^H NMR spectra.
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We furthermore systematically investigated polymerization reactions with increasing *L*--LA monomer to catalyst molar ratios for **1** and **5** as the most active catalysts at ambient temperature (25 °C) in CH~2~Cl~2~ under argon atmosphere. The results are summarized in Table [4](#open201900203-tbl-0004){ref-type="table"} (**5**) and table S3 (**1**). The polymerization processes were completed within a few minutes with high \[M\]~0~/\[C\]~0~ molar ratios (400--1000) and a moderate correlation between *M* ~n~°^bs^ and the *M* ~n~ ^the^° was observed. *M* ~n~ was found to linearly increase with increasing monomer‐to‐catalyst molar ratio (Figure [4](#open201900203-fig-0004){ref-type="fig"}), demonstrating that the polymerization reaction shows certain "living" character. Furthermore, the "living" character was confirmed by a polymerization resumption experiment, in which an additional amount of *L*--LA monomer (\[M\]~0~/\[C\]~0~=400) was added after the polymerization of the first amount of *L*--LA monomer (\[M\]~0~/\[C\]~0~=400) was finished. The polymerization of the second amount of *L*--LA monomer was completed within a few minutes (Table [4](#open201900203-tbl-0004){ref-type="table"}, Entry 6 and Table S1, Entry 5).

###### 

Polymerization data of *L*--LA using catalyst **5** with varying \[M\]~o~/\[C\]~o~ molar ratios in CH~2~Cl~2~ at 25 °C under argon atmosphere.

  Entry   \[M\]~g~/\[C\]   Time^\[a\]^ \[s\]   Yield^\[b\]^ \[%\]   *M* ~n~ ^(^°^bs)\[c\]^ \[kg/mol\]   *M* ~w~/*M* ~n~   TOF^\[e\]^ \[h^−1^\]
  ------- ---------------- ------------------- -------------------- ----------------------------------- ----------------- ----------------------
  **1**   200 : 1          70                  99                   36.1                                1.2               10200
  **2**   400 : 1          170                 99                   59.8                                1.5               8400
  **3**   600 : 1          280                 98                   94.9                                1.5               7560
  **4**   800 : 1          365                 98                   125.0                               1.6               7730
  **5**   1000 : 1         420                 97                   162.0                               1.7               8300
  **6**   (400+400):1      175+195             95                   120.6                               1.5               7400

\[a\] Time required for complete conversion. \[b\] Isolated yield of the polymer after quenching. \[c\] Measured by GPC at 40 °C in THF, relative to polystyrene standards. \[d\] *M* ~n~ ^(The^°^)^at 100 % conversion=\[M\]~0~/\[C\]~0~×mol. Wt. of monomer. \[e\] The rate is expressed in terms of the turnover frequency (TOF), mol of LA consumed/(mol catalyst per h)) calculated with respect to number of Zn atom in the catalyst (monomeric structure in solution). The given values represent average values obtained from two different runs.
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![Plot of *M* ~n~ ^(^°^bs)*c*^ (kg/mol) vs. \[M\]~0~/\[C\]~0~ for *L*--LA using complexes **1** and **5** in CH~2~Cl~2~ at 25 °C.](OPEN-8-951-g004){#open201900203-fig-0004}

2.4. Polymerization Kinetics {#open201900203-sec-0006}
----------------------------

Complexes **1** and **5** are the most active catalysts, hence polymerization kinetics of *rac*‐LA with a monomer‐to‐catalyst ratio \[M\]~0~/\[C\]~0~ of 1600 (**1**) and 800 (**5**) were performed at 25 °C in CDCl~3~‐solution in a J‐Young NMR tube. The reaction order with respect to the monomer concentration was determined by monitoring the time‐dependent conversion of *rac*‐lactide by ^1^H NMR spectroscopy. The linear dependency of ln\[M\]~0~/\[M\]~t~ vs time (Figure [5](#open201900203-fig-0005){ref-type="fig"}) proves first‐order kinetics of the monomer concentration on the polymerization rate. Rate constants (*k* ~p~) of the polymerization reactions were determined from the slope of the lines (**1**: 10.88 Lmol^−1^s^−1^; **5**: 11.31 Lmol^−1^s^−1^), assuming that every zinc atom propagates one chain.

![Semi‐logarithmic plots of *rac*‐LA conversion initiated by **1** and **5** vs. time: \[rac‐LA\]~o~/\[C\]~o~=800 per zinc atom at 25 °C in CDCl~3~.](OPEN-8-951-g005){#open201900203-fig-0005}

To gain a deeper understanding of the reaction mechanism, low molecular weight *L*‐PLA was synthesized by polymerizing *L*--LA with catalyst **1** and **5** with molar ratios of 50 : 1 in CH~2~Cl~2~ at 25 °C. The solvent was removed under vacuum and the residue was dissolved in a minimum amount of CH~2~Cl~2~ and precipitated by pouring into cold ethanol. The resultant polymer was completely dried under vacuum and systematically characterized using NMR and IR spectroscopy as well as MALDI‐TOF mass spectrometry. The ^1^H NMR spectra (Figure S41 in the ESI) of the low molecular weight polymer proved that the polymer chain is end‐capped with phenol groups, which initiated the polymerization reaction according to the well‐known coordination‐insertion mechanism (CIM). These results were confirmed by MALDI‐TOF mass spectroscopy analyses of the oligomer (Figure S47).

Three series could be identified in the MALDI spectra: one series is capped by the phenolate as end‐group (23 % of all chains), one series by the *NNO* ligand (14 %) and one series by the ligand plus zinc ion (35 %). Hence, the anionic ligand is also capable of opening the lactide rings. The polymer treatment after polymerization consists of precipitation of the dissolved polymer in cold methanol. Hereby, the zinc ion seems to hold to the ligand at the chain end. Accordingly, many chains are started by the phenolate, but some are also started by the anionic *NNO* donor ligand. The anionic ligand at the end of the chain is also typical for the coordination‐insertion mechanism.[22](#open201900203-bib-0022){ref-type="ref"} The presence of hydroxyl group in the end chain of the polymer was further confirmed by IR due to the presence of the small band ν(H−O) at 3528 cm^−1^ (Figure S42 in the ESI). These findings prove that the polymerization process proceeds through the well‐known "*coordination‐insertion*" (CIM) pathway.[9b](#open201900203-bib-0009b){ref-type="ref"}, [12e](#open201900203-bib-0012e){ref-type="ref"}, [12h](#open201900203-bib-0012h){ref-type="ref"}, [22](#open201900203-bib-0022){ref-type="ref"}

In 2016 Williams *et al*. published on the syntheses and catalytic activities of both a binuclear and a mononuclear zinc complex.[6h](#open201900203-bib-0006h){ref-type="ref"} The mononuclear complex was found to be slower than the binuclear complex in terms of catalytic activity. Complexes **1** and **5** reported herein almost reach the *k* ~p~ value of 24 mol L^−1^ s^−1^ of the mononuclear Williams complex. However, the TOF value of 60.000 h^−1^ for the binuclear Williams complex is six times higher than that of the complex **5** (TOF approx. 10.000 h^−1^). Nevertheless, the complexes presented here stand out from the two reference complexes due to their simple ligand design, their easy synthetic accessibility and their high activity in the ring opening polymerization of lactide.

3. Conclusions {#open201900203-sec-0007}
==============

A series of eight heteroleptic zinc phenoxide complexes of the type L^1/2^ZnOR containing *NNO*‐tridentate *β*‐ketoiminate ligands with four different phenoxide substituents with various electronic properties were synthesized in high yield and completely characterized. Complexes **1**--**8** form dimers in the solid state except for complex **5**, which adopts a mononuclear structure, whereas diffusion‐ordered spectroscopy (DOSY) NMR analysis in CDCl~3~ proved that the complexes are monomeric in solution. **1**--**8** are active catalysts in the ROP of LA in CH~2~Cl~2~ at ambient temperature (25 °C), producing high molecular weight polymers with moderately controlled PDI with a high conversion (\>95 %). The catalytic activity increases upon introduction of electron‐donating groups at the phenoxide substituent in *ortho*‐position. Complex **5**, which is the most active catalyst, showed a moderate correlation between the observed molecular weight (*M* ~n~°^bs^) and the theoretical molecular weight (*M* ~n~ ^the^°). Analyses of low molecular weight polymers by ^1^H NMR spectroscopy proved that the polymerization process follows the coordination‐insertion mechanism (CIM). Furthermore, polymerization studies with complexes **1** and **5** showed continuously increasing *M* ~n~ values with increasing monomer to catalyst molar ratio. The polydispersities are small, pointing to a living polymerization character. Homonuclear decoupled ^1^H NMR studies showed slight isotactic enrichment of the PLA obtained from *rac*‐LA, and kinetic studies with the most active catalysts **1** and **5** demonstrate that the polymerization reactions have first order dependencies on the monomer concentration. In summary, both catalysts reach enormous polymerisation rate constants, which demonstrate that zinc ketoiminates are a versatile class of ROP catalysts.

Experimental Section {#open201900203-sec-0008}
====================

General Experimental Details {#open201900203-sec-0009}
----------------------------

All reactions were performed under a dry argon atmosphere with rigorous exclusion of moisture and air using standard Schlenk and glovebox techniques. Argon gas was purified by passing through preheated Cu~2~O pellets and molecular sieve columns. ZnEt~2~ (1 M in hexane), amines, and calcium hydride were purchased from Sigma‐Aldrich and used as received, while the phenols were purified prior to use by sublimation. *rac‐*LA was purchased from Sigma‐Aldrich and sublimed twice under argon atmosphere and stored under a dry argon atmosphere in a glovebox. *β*‐ketoimines (L^1^H, L^2^H) and the heteroleptic complexes L^1/2^ZnEt were prepared according to literature procedures.[13](#open201900203-bib-0013){ref-type="ref"}, [14](#open201900203-bib-0014){ref-type="ref"} Toluene and *n*‐hexane were dried using a MBraun Solvent Purification System, degassed, and stored in Schlenk flasks under argon atmosphere. THF was dried by heating under reflux for 12 h over sodium and benzophenone and freshly distilled prior to use. Deuterated solvents were dried over activated molecular sieves (4 Å) and degassed prior to use. Karl Fischer titration of the dry solvents showed values below 2 ppm.

^1^H and ^13^C NMR spectra were recorded at 297 K in CDCl~3~ or toluene‐d~8~ solution using a Bruker Avance 300 spectrometer with a QNP probe head (^1^H: 300 MHz, ^13^C: 75 MHz) or Bruker Avance 500 (^1^H: 400 MHz, ^13^C: 125 MHz). ^1^H and ^13^C NMR spectra were referenced to internal CDCl~3~ (^1^H=7.26 ppm, ^13^C=77.16 ppm) and toluene‐d~8~ (^1^H=7.00 ppm, ^13^C=128.33 ppm), respectively. IR spectra were recorded in a glovebox under argon atmosphere using an ALPHA−T FT‐IR spectrometer equipped with a single reflection ATR sampling module. Elemental analyses were performed with a Perkin Elmer Series 11 Analyzer at the elemental analysis laboratory of the University of Duisburg‐Essen. ESI‐MS spectra of the samples were recorded using Waters Q‐Tof micro mass spectrometer. Melting points were determined in sealed glass capillaries and are not corrected.

The number‐average molecular weight (*M* ~n~), molecular weight distribution (MWD) and dispersity (*M* ~w~/*M* ~n~) of all polylactide polymers were determined by Gel Permeation Chromatography (GPC) on a 1260 Infinity instrument (Polymer Standard Service, Mainz) equipped with 3 SDV columns (pore sizes 10^6^, 10^5^, 10^3^ Å) and a SECcurity differential refractometer. The PLA was measured using HPLC grade THF as eluent at a flow rate of 1.0 mL min^−1^ at 40 °C (column oven TCC6000). A calibration setup was obtained using 12 narrow molecular weight polystyrene standards (Polymer Standard Service, Mainz) and the WinGPC UniChrom software. Number average molecular weights (*M* ~n~) and MWDs (*M* ~w~/*M* ~n~) of polymers were measured relative to polystyrene standards.

The average molecular masses and the mass distributions of the obtained polylactide samples (kinetic measurements) were determined by GPC in THF as the mobile phase at a flow rate of 1 mL min^−1^. The utilised GPCmax VE‐2001 from Viscotek was a combination of an HPLC pump, two Malvern Viscothek T columns (porous styrene divinylbenzene copolymer) with a maximum pore size of 500 and 5000 Å, a refractive index detector (VE‐3580), and a viscometer (Viscotek 270 Dual Detector). Universal calibration was applied to evaluate the chromatographic results.

The end group analysis was performed by MALDI‐TOF on a Bruker ultrafleXtreme equipped with a 337 nm smartbeam laser in the reflective mode. THF solutions of trans‐2‐\[3‐(4‐tert‐butylphenyl)‐2‐methyl‐2‐propenylidene\]malononitrile (DCTB) (5 μL of a 20 mg/mL solution), sodium trifluoroacetate (0.1 μL of a 10 mg/mL solution), and analyte (5 μL of a 10 mg/mL) were mixed and a droplet thereof applied on the sample target. Protein 1 calibration standard is the name of the protein mixture used for calibration. For spectra 4000 laser shots with 24 % laser power were collected. The laser repetition rate was 1000 Hz. The homopolymer analysis was performed using Polymerix software (Sierra Analytics).

General Synthesis of 1**--**8 {#open201900203-sec-0010}
-----------------------------

A solution of the respective phenol in 5 ml of hexane was added at ambient temperature dropwise to a stirred solution of the heteroleptic complex L^1/2^ZnEt in 5 ml of *n*‐hexane. After the gas evolution has stopped, the resulting solution was stirred for additional 3 h at ambient temperature (25 °C). The solvent was evaporated under reduced pressure to yield a white solid, which was re‐crystallized from a saturated solution in THF at 0 °C, isolated by filtration and dried under vacuum.

**1**. 2,6‐dimethylphenol (139 mg, 1.14 mmol), L^1^ZnEt (300 mg, 1.14 mmol). Yield: 330 mg (93 %). Mp. 170 °C. Anal. Calcd for C~34~H~52~N~4~O~4~Zn~2~: C, 57.39; H, 7.37; N, 7.87. Found: C, 56.92; H, 7.40; N, 7.43. ^1^H NMR (300 MHz, CDCl~3~, 25 °C): *δ* 1.81 (s, 3H, C~*β*~C*H* ~3~), 1.91 (s, 3H, C*H* ~3~CN), 2.12 (s, 6H, *o*--CC*H* ~3~), 2.21 (s, 6H, N(C*H* ~3~)~2~), 2.68 (t, ^3^ *J* ~HH~=6.3 Hz, 2H, C*H* ~2~N(CH~3~)~2~), 3.29 (t, ^3^ *J* ~HH~=6.0 Hz, 2H, C~*β*~NC*H* ~2~), 4.72 (s, 1H, C*H*), 6.43 (d, ^3^ *J* ~HH~=7.2 Hz, 1H, *p*‐*H*), 6.84 (d, ^3^ *J* ~HH~=7.2 Hz, 2H, *m*‐H); ^13^C NMR (75 MHz, CDCl~3~, 25 °C): *δ* 17.6 (Ar−*C*H~3~), 22.2 (*C*H~3~‐CN), 27.8 (*β*‐*C*H~3~), 44.8 (*C*H~2~N), 45.5 (N(*CH* ~3~)~2~), 58.3 (*C*H~2~N(CH~3~)~2~), 97.6 (*C*H), 115.3 (Ar*p*−*C*), 127.0 (Ar*o*−*C*), 128.0 (Ar*m*‐*C*), 160.1 (Ar*i*−*C*), 172.8 (*C*N), 183.0 (*C*O). ATR−IR: *ν* 3059, 2998, 2966,2943, 2910, 2889, 2839, 2792, 1589, 1499, 1458, 1398, 1339, 1261, 1225, 1089, 1024, 933, 847, 799, 781, 743, 688, 640, 581, 550, 519, 436, 406 cm^--1^.

**2**. 3,5‐dimethylphenol (139 mg, 1.14 mmol), L^1^ZnEt (300 mg, 1.14 mmol). Yield: 324 mg (91 %). Mp. 235 °C. Anal. Calcd for C~34~H~52~N~4~O~4~Zn~2~: C, 57.39; H, 7.37; N, 7.87. Found: C, 56.90; H, 7.39; N, 7.67. ^1^H NMR (300 MHz, CDCl~3~, 25 °C): *δ* 1.93 (s, 6H, C~*β*~C*H* ~3~, C*H* ~3~CNC), 2.17 (s, 6H, N(C*H* ~3~)~2~), 2.28 (s, 6H, C*H* ~2~N(CH~3~)~2~), 2.40 (t, ^3^ *J* ~HH~=6.0 Hz, 2H, *o*--CC*H* ~3~), 3.15 (t, ^3^ *J* ~HH~=6.0 Hz, 2H, *C* ~*β*~NC*H* ~2~), 5.05 (s, 1H, C*H*), 6.2 (s, 1H, *p*‐*H*), 6.45 (s, 2H, *m*--H); ^13^C NMR (75 MHz, CDCl~3~, 25 °C): *δ* 21.6 (Ar−*C*H~3~), 22.0 (*C*H~3~−CN), 27.8 (*β*‐*C*H~3~), 44.4 (*C*H~2~N), 46.1 (N(*CH* ~3~)~2~), 58.6 (*C*H~2~N(CH~3~)~2~), 97.3 (*C*H), 117.1 (Ar*o*−*C*), 117.6 (Ar*p*−*C*), 138.1 (Ar*m*−*C*), 164.3 (Ar*i*−*C*), 172.3 (*C*N), 183.2 (*C*O). ATR--IR: *ν* 3068, 3002, 2963, 2911, 2843, 2799, 2657,1585, 1508, 1464, 1404, 1398, 1320, 1259, 1218, 1164, 1102, 1023, 936, 843, 819, 799, 784, 748, 689, 615, 598, 573, 532, 404 cm^--1^.

**3**. 4‐*n*‐butylphenol (171 mg, 1.14 mmol), L^1^ZnEt (300 mg, 1.14 mmol). Yield: 340 mg (88 %). Mp. 167 °C. Anal. Calcd for C~38~H~60~N~4~O~4~Zn~2~: C, 59.45; H, 7.88; N, 7.30. Found: C, 59.86; H, 7.74; N, 7.44. ^1^H NMR (300 MHz, CDCl~3~, 25 °C): *δ* 0.91 (t, ^3^ *J* ~HH~=7.5 Hz, 3H, CH~2~C*H* ~3~), 1.26--1.39 (m, 2H, C*H* ~2~CH~3~), 1.48‐1.58 (m, 2H, CH~2~C*H* ~2~), 1.91 (s, 3H, C~*β*~C*H* ~3~), 1.92 (s, 3H C*H* ~3~CN), 2.27 (s, 6H, N(C*H* ~3~)~2~), 2.43 (t, ^3^ *J* ~HH~=6.0 Hz, 2H, C*H* ~2~Ar), 2.47 (t, ^3^ *J* ~HH~=7.8 Hz, 2H, C*H* ~2~N(CH~3~)~2~), 3.13 (t, ^3^ *J* ~HH~=6.0 Hz, 2H, *C* ~*β*~NC*H* ~2~), 5.01 (s, 1H, C*H*), 6.70 (d, ^3^ *J* ~HH~=8.1 Hz, 2H, *o*‐*H*), 6.86 (d, ^3^ *J* ~HH~=7.8 Hz, 2H, *m*‐H); ^13^C NMR (75 MHz, CDCl~3~, 25 °C): *δ* 14.2 (CH~2~ *C*H~3~), 22.1 (*C*H~3~‐CN), 22.6 (CH~3~ *C*H~2~), 27.8 (*β*‐*C*H~3~), 34.2 (CH~3~ *C*H~2~), 35.0 (Ar−*C*H~2~), 44.4 (*C*H~2~N), 46.0 (N(*CH* ~3~)~2~), 59.5 (*C*H~2~N(CH~3~)~2~), 96.2 (*C*H), 118.6 (Ar*o*−*C*), 128.8 (Ar*m*−*C*), 129.9 (Ar*m*−*C*), 162.3 (Ar*i*−*C*), 172.4 (*C*N), 184.0 (*C*O). ATR−IR: *ν* 3009, 2949, 2923, 2847, 2792, 2554, 1601, 1578, 1462, 1401, 1344, 1266, 1171, 1109, 1050, 1026, 960, 935, 849, 832, 788, 751, 722, 673, 642, 541, 495, 4041 cm^--1^.

**4**. Phenol (107 mg, 1.14 mmol), L^1^ZnEt (300 mg, 1.14 mmol). Yield: 306 mg (93 %). Mp. 227 °C. Anal. Calcd for C~30~H~44~N~4~O~4~Zn~2~: C, 54.97; H, 6.77; N, 8.55. Found: C, 54.40; H, 6.73; N, 8.35. ^1^H NMR (300 MHz, CDCl~3~, 25 °C): *δ* 1.91 (s, 3H, C~*β*~C*H* ~3~), 1.93 (s, 3H C*H* ~3~CN), 2.28 (s, 6H, N(C*H* ~3~)~2~), 2.40 (t, ^3^ *J* ~HH~=6.0 Hz, 2H, C*H* ~2~N(CH~3~)~2~), 3.13 (t, ^3^ *J* ~HH~=6.0 Hz, 2H, *C* ~*β*~NC*H* ~2~), 5.01 (s, 1H, C*H*), 6.58 (t, ^3^ *J* ~HH~=7.2 Hz, 1H, *p*−*H*), 6.81 (d, ^3^ *J* ~HH~=4.8 Hz, 2H, *o*‐H), 7.03‐7.08 (m, 2H, *m*‐H); ^13^C NMR (75 MHz, CDCl~3~, 25 °C): *δ* 22.1 (*C*H~3~‐CN), 27.8 (*β*‐*C*H~3~), 44.4 (*C*H~2~N), 46.0 (N(*CH* ~3~)~2~), 59.5 (*C*H~2~N(CH~3~)~2~), 96.3 (*C*H), 119.2 (Ar*o*−*C*), 119.4 (Ar*m*--*C*), 129.1 (Ar*m*−*C*), 162.3 (Ar*i*−*C*), 172.4 (*C*N), 184.0 (*C*O). ATR−IR: *ν* 3067, 3041, 3019, 2991, 2961, 2903, 2870, 2835, 2797, 2545, 1589, 1484, 1460, 1401, 1342, 1261, 1220, 1162, 1024, 993, 935, 890, 824, 758, 697, 643, 559, 489, 4028, 408 cm^−1^.

**5**. 2,6‐dimethylphenol (132 mg, 1.08 mmol), L^2^ZnEt (300 mg, 1.08 mmol). Yield: 345 mg (93 %). Mp. 109 °C. Anal. Calcd for C~18~H~28~N~2~O~2~Zn: C, 58.46; H, 7.63; N 7.58. Found: C, 57.83; H, 7.71; N, 2.19. ^1^H NMR (300 MHz, CDCl~3~, 25 °C): *δ* 1.89 (br, 8H, C~*β*~C*H* ~3~, C*H* ~3~CN, CH~2~CH~2~), 2.21 (s, 6H, *o*‐CC*H* ~3~), 2.51 (s, 6H, N(C*H* ~3~)~2~), 2.80 (br, 2H, C*H* ~2~N(CH~3~)~2~), 3.60 (t, ^3^ *J* ~HH~=5.7 Hz, 2H, C~*β*~NC*H* ~2~), 4.74 (s, 1H, C*H*), 6.42 (t, ^3^ *J* ~HH~=7.2 Hz, 1H, *p*‐*H*), 6.89 (d, ^3^ *J* ~HH~=7.5 Hz, 2H, *m*‐H); ^1^H NMR (300 MHz, toluene‐d~8~, 40 °C): *δ* 1.20‐1.27 (m, 2H, CH~2~CH~2~), 1.42 (s, 3H, C~*β*~C*H* ~3~,), 1.88 (s, 3H, C*H* ~3~CN,), 1.99 (s, 6H, *o*‐CC*H* ~3~), 2.15 (t, ^3^ *J* ~HH~=5.1 Hz, 2H, C*H* ~2~N(CH~3~)~2~), 2.43 (s, 6H, N(C*H* ~3~)~2~), 3.08 (t, ^3^ *J* ~HH~=5.4 Hz, 2H, C~*β*~NC*H* ~2~), 4.60 (s, 1H, C*H*), 6.45 (t, ^3^ *J* ~HH~=7.2 Hz, 1H, *p*‐*H*), 7.10 (d, ^3^ *J* ~HH~=7.5 Hz, 2H, *m*--H); ^13^C NMR (75 MHz, CDCl~3~, 25 °C): *δ* 17.7 (Ar‐*C*H~3~), 20.5(*C*H~3~‐CN), 27.2(CH~2~CH~2~), 27.7 (*β*‐*C*H~3~), 48.4 (*C*H~2~N), 50.1 (N(*CH* ~3~)~2~), 61.8 (*C*H~2~N(CH~3~)~2~), 97.1 (*C*H), 114.3 (Ar*p*−*C*), 126.4 (Ar*o*−*C*), 128.0 (Ar*m*−*C*), 163.1 (Ar*i*−*C*), 171.3 (*C*N), 182.5 (*C*O). ATR−IR: *ν* 3061, 3035, 3000, 2959, 2923, 2890, 2851, 2808, 1587, 1502, 1459, 1424, 1293, 1274, 1091, 1012, 969, 933, 866, 847, 748, 700, 675, 642, 578, 523, 480, 443, 386 cm^−1^.

**6**. 3,5‐dimethylphenol (132 mg, 1.08 mmol), L^2^ZnEt (300 mg, 1.08 mmol). Yield: 319 mg (86 %). Mp. 107 °C. Anal. Calcd for C~36~H~56~N~4~O~4~Zn~2~: C, 58.46; H, 7.63; N, 7.58. Found C, 58.40; H, 7.50; N, 8.25. ^1^H NMR (300 MHz, CDCl~3~, 25 °C): *δ* 1.78‐1.85 (m, 2H, C*H* ~2~CH~2~), 1.90 (s, 3H, C~*β*~C*H* ~3~,), 1.95 (s, 3H, C*H* ~3~CN), 2.18 (s, 6H, *o*−CC*H* ~3~), 2.46 (s, 6H, N(C*H* ~3~)~2~), 2.69 (br, 2H, C*H* ~2~N(CH~3~)~2~), 3.52 (t, ^3^ *J* ~HH~=5.4 Hz, 2H, *C* ~*β*~NC*H* ~2~), 4.80 (s, 1H, C*H*), 6.22 (s, 1H, *p*‐*H*), 6.35 (s, 2H, *m*‐H); ^1^H NMR (300 MHz, toluene‐d~8~, 40 °C): *δ* 1.42--1.50 (m, 2H, C*H* ~2~CH~2~), 1.53 (s, 3H, C~*β*~C*H* ~3~,), 2.00 (t, ^3^ *J* ~HH~=5.7 2H, C*H* ~2~N(CH~3~)~2~), 2.11 (s, 6H, *o*--C*H* ~3~), 2.12 (s, 3H, C*H* ~3~CN), 2.26 (s, 6H, N(C*H* ~3~)~2~), 2.85 (t, ^3^ *J* ~HH~=6.6 Hz, 2H, *C* ~*β*~NC*H* ~2~), 4.85 (s, 1H, C*H*), 6.39 (s, 1H, *p*‐*H*), 6.85 (s, 2H, *m*‐H); ^13^C NMR (75 MHz, CDCl~3~, 25 °C): *δ* 20.9 (Ar‐*C*H~3~), 21.5 (*C*H~3~−CN), 27.0 (*C*H~2~CH~2~), 27.7 (*β*‐*C*H~3~), 47.2 (*C*H~2~N), 50.1 (N(*CH* ~3~)~2~), 61.6 (*C*H~2~N(CH~3~)~2~), 97.2 (*C*H), 116.9 (Ar*o*−*C*), 116.9 (Ar*p*−*C*), 138.7 (Ar*m*−*C*), 166.6 (Ar*i*−*C*), 172.1 (*C*N), 182.9 (*C*O). ATR−IR: *ν* 3041, 2935, 2905, 2859, 2834, 2788, 1578, 1508, 1464, 1408, 1307, 1150, 1013, 974, 941, 878, 821, 802, 777, 704, 671, 641, 600, 531, 515, 481, 456,440, 403 cm^--1^.

**7**. 4‐*n*‐butylphenol (162 mg, 1.08 mmol), L^2^ZnEt (300 mg, 1.08 mmol). Yield: 320 mg (80 %). Mp. 96 °C. Anal. Calcd for C~40~H~64~N~4~O~4~Zn~2~: C, 60.38; H, 8.11; N, 7.04. Found: C, 59.83; H, 8.17; N, 7.35. ^1^H NMR (300 MHz, CDCl~3~, 25 °C): *δ* 0.90 (t, ^3^ *J* ~HH~=7.2 Hz, 3H, CH~2~C*H* ~3~), 1.27‐1.39 (m, 2H, C*H* ~2~CH~3~), 1.48‐1.58 (m, 2H, CH~2~C*H* ~2~), 1.74‐1.82 (m, 2H, CH~2~C*H* ~2~), 1.88 (s, 3H, C~*β*~C*H* ~3~), 1.95 (s, 3H C*H* ~3~CN), 2.42 (s, 6H, N(C*H* ~3~)~2~), 2.58 (t, ^3^ *J* ~HH~=8.1 Hz, 2H, C*H* ~2~Ar), 2.64 (br, 2H, C*H* ~2~N(CH~3~)~2~), 3.46 (br, 2H, *C* ~*β*~NC*H* ~2~), 4.79 (s, 1H, C*H*), 6.62 (d, ^3^ *J* ~HH~=7.8 Hz, 2H, *o*‐*H*), 6.87 (d, ^3^ *J* ~HH~=8.1 Hz, 2H, *m*‐H); ^1^H NMR (300 MHz, toluene‐d~8~, 40 °C): *δ* 0.86 (t, ^3^ *J* ~HH~=7.2 Hz, 3H, CH~2~C*H* ~3~), 1.2--1.36 (m, 2H, C*H* ~2~CH~3~), 1.42‐1.48 (m, 2H, CH~2~C*H* ~2~), 1.53 (s, 3H, C~*β*~C*H* ~3~), 1.53‐1.58 (m, 2H, CH~2~C*H* ~2~), 2.03 (t, ^3^ *J* ~HH~=5.7 Hz, 2H, C*H* ~2~Ar), 2.08 (s, 3H C*H* ~3~CN), 2.09 (s, 6H, N(C*H* ~3~)~2~), 2.49 (t, ^3^ *J* ~HH~=7.8 Hz, 2H, C*H* ~2~N(CH~3~)~2~), 2.89 (t, ^3^ *J* ~HH~=6.6 Hz, 2H, *C* ~*β*~NC*H* ~2~), 4.80 (s, 1H, C*H*), 6.95 (d, ^3^ *J* ~HH~=2.7 Hz, 2H, *o*‐*H*), 7.08 (d, ^3^ *J* ~HH~=1.8 Hz, 2H, *m*--H); ^13^C NMR (75 MHz, CDCl~3~, 25 °C): *δ* 14.1 (CH~2~ *C*H~3~), 21.0 (*C*H~3~‐CN), 22.5 (CH~3~ *C*H~2~), 27.0 (CH~3~ *C*H~2~), 27.8 (*β*‐*C*H~3~), 34.3 (CH~3~ *C*H~2~), 34.9 (Ar‐*C*H~2~), 47.1 (*C*H~2~N), 50.0 (N(*CH* ~3~)~2~), 61.4 (*C*H~2~N(CH~3~)~2~), 97.1 (*C*H), 118.5 (Ar*o*−*C*), 129.1 (Ar*m*−*C*), 129.1 (Ar*m*−*C*), 164.3 (Ar*i*−*C*), 172.2 (*C*N), 182.9 (*C*O). ATR--IR: *ν* 3067, 2985, 2957, 2924, 2836, 2792, 2521, 1583, 1496, 1464, 1410, 1375, 1344, 1246, 1166, 1107, 1073, 1059,1012, 974, 900, 838, 780, 738, 669, 640, 575, 521, 479, 4033, 387 cm^--1^.

**8**. Phenol (102 mg, 1.08 mmol), L^2^ZnEt (300 mg, 1.08 mmol). Yield: 285 mg (83 %). Mp. 79 °C. Anal. Calcd for C~32~H~48~N~4~O~4~Zn~2~: C, 56.23; H, 7.08; N, 8.20. Found: C, 56.40; H, 6.73; N, 8.25. ^1^H NMR (300 MHz, CDCl~3~, 25 °C): *δ* 1.80‐1.87 (m, 2H, CH~2~C*H* ~2~), 1.90 (s, 3H, C~*β*~C*H* ~3~), 1.95 (s, 3H C*H* ~3~CN), 2.48 (s, 6H, N(C*H* ~3~)~2~), 2.72 (br, 2H, C*H* ~2~N(CH~3~)~2~), 3.55 (t, ^3^ *J* ~HH~=5.4 Hz, 2H, *C* ~*β*~NC*H* ~2~), 4.78 (s, 1H, C*H*), 6.61 (d, ^3^ *J* ~HH~=6.6 Hz, 1H, *p*--*H*), 6.73 (d, ^3^ *J* ~HH~=7.8 Hz, 2H, *o*‐H), 7.10 (t, ^3^ *J* ~HH~=7.2 Hz, 2H, *m*‐H); ^1^H NMR (300 MHz, toluene‐d~8~, 40 °C): *δ* 1.38--1.42 (m, 2H, CH~2~C*H* ~2~), 1.50 (s, 3H, C~*β*~C*H* ~3~), 2.00 (t, ^3^ *J* ~HH~=5.4 Hz, 2H, C*H* ~2~N(CH~3~)~2~), 2.07 (s, 3H C*H* ~3~CN), 2.08 (s, 6H, N(C*H* ~3~)~2~), 2.82 (t, ^3^ *J* ~HH~=6.1 Hz, 2H, *C* ~*β*~NC*H* ~2~), 4.79 (s, 1H, C*H*), 6.68‐6.73 (m, 1H, *p*‐*H*), 7.15 (d, ^3^ *J* ~HH~=6.0 Hz, 2H, *o*‐H), 7.17 (d, ^3^ *J* ~HH~=2.4 Hz, 2H, *m*‐H); ^13^C NMR (75 MHz, CDCl~3~, 25 °C): *δ* 20.9 (*C*H~3~‐CN), 27.0 (*C*H~2~CH~2~), 27.8 (*β*‐*C*H~3~), 47.3 (*C*H~2~N), 50.2 (N(*CH* ~3~)~2~), 61.8 (*C*H~2~N(CH~3~)~2~), 97.4 (*C*H), 121.1 (Ar*o*−*C*), 126.4 (Ar*m*−*C*), 129.4 (Ar*m*−*C*), 161.1 (Ar*i*−*C*), 172.3 (*C*N), 183.0 (*C*O). ATR--IR: *ν* 3067,3048, 2982, 2947, 2911, 2879, 2841, 2798, 2532, 1584, 1510, 1462, 1411, 1353, 1340, 1248, 1159, 1107, 1068, 1011, 992, 975, 939, 897, 824, 767, 750, 703, 641, 549, 480, 4030, 387 cm^--1^.

Single Crystal X‐ray Analysis {#open201900203-sec-0011}
-----------------------------

The crystals were mounted on nylon loops in inert oil. Data were collected on a Bruker AXS D8 Kappa diffractometer with APEX2 detector (monochromated Mo−Kα radiation, λ=0.71073 Å) at 100(2) K. The structures of **1**--**8** were solved by Direct Methods (SHELXS‐97)[23](#open201900203-bib-0023){ref-type="ref"} and refined anisotropically by full‐matrix least‐squares on F^2^ (SHELXL‐2014).[24](#open201900203-bib-0024){ref-type="ref"}, [25](#open201900203-bib-0025){ref-type="ref"} Absorption corrections were performed semi‐empirically from equivalent reflections on basis of multi‐scans (Bruker AXS APEX2). Hydrogen atoms were refined using a riding model or rigid methyl groups. In **1** the side chain was disordered over two sites. These were refined with fixed occupancies of 2/3 and 1/3, respectively. In **2** most parts of the ligand were disordered. The respective C−C bond lengths were restrained to be equal (SADI). RIGU and SIMU restraints were applied to the ADP of the atoms of the disordered parts. For C5' an additional ISOR restraints was necessary (Table S1 and S2).

General Procedure for the Bulk Polymerization of Lactide {#open201900203-sec-0012}
--------------------------------------------------------

Polymerization reactions were performed in 200 : 1 molar ratios of the monomers and **1**--**8**. A solution of 17.34 *μ*mol of **1**--**8** and 0.5 g of lactide (*rac*‐LA or *L*‐LA) in 5 ml of CH~2~Cl~2~ was stirred at ambient temperature in a Schlenk‐flask equipped with a magnetic bar under argon atmosphere. After the desired time, the reaction was terminated by exposing to air and the volatiles were removed under vacuum. The resulting residues were dissolved into a minimum amount of CH~2~Cl~2~ and poured into cold methanol. The polymer precipitated immediately and was isolated by filtration. The filtered product was dried under vacuum until constant weight was observed. The conversion rate of the monomer was determined by ^1^H NMR analysis. An analogous procedure was applied for polymerization reactions using higher monomer to catalyst molar ratios. All polymerisation reactions have been performed twice.

General Procedure for the Polymerization Kinetics {#open201900203-sec-0013}
-------------------------------------------------

The reaction kinetics were also determined for **1** and **5**, using a solution of rac‐lactide (0.0504 g, 0.350 mmol) and the desired catalyst in 0.7 mL of CDCl~3~ (0.5 molL^−1^) in a Young NMR tube. The conversion rate of LA was monitored by ^1^H NMR spectroscopy at 26 °C. The ln{\[M\]~0~/\[M\]~t~} ratio was calculated by integration of the peak corresponding to the methyl proton for the polymer and monomer. Apparent rate constants were obtained from the slopes of the best fit line. All polymerisation reactions have been performed twice.
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